Abstract. The basic body plan of a number of vertebrates results from two processes that occur early in the development of the blastoderm: large scale rearrangements of tissue via a process called gastrulation, and axial subdivision of tissue in a process called somitogenesis. The £rst step of gastrulation in avians is formation of the primitive streak, which marks the £rst clear manifestation of the anterior-posterior axis. Cell movements that occur through the streak ultimately convert the single layered-blastoderm into a trilaminar blastoderm comprising prospective endodermal, mesodermal and ectodermal tissue. During streak formation a group of cells moves anteriorly as a coherent column from the posterior end of the blastoderm, and as it proceeds other cells stream over the lateral edges of the furrow left behind. The anterior end of the streak is a specialized structure called Hensen's node, which serves as an organizing center for later axis formation and determination of the left-right asymmetry of the body. Soon after the primitive streak forms, Hensen's node regresses towards the tail, leaving the notochord and a pair of segmental plates parallel to the primitive streak in its wake. The posterior end of the segmental plate moves down the cranio-caudal axis with the node, as more cells are added to it by cell division within the plate and by cells entering from the primitive streak. A pair of somites forms from the anterior ends of the two plates at regular intervals. Despite the fact that much is known about the basic biological processes, the mechanisms that underlie the formation of the primitive streak and somitogenesis are still unknown, and elucidating them is one of the major unsolved problems in developmental biology. Mathematical modelling has been a useful tool in this process, as it provides a framework in which to study the outcome of proposed interactions and can make experimentally testable predictions. In this paper we outline the biological background of these processes and review existing models of them.
Introduction.
Early vertebrate development is a complex process that involves cell division, cell-cell signaling, cell movement, and cell differentiation. Many adult vertebrates exhibit common structures, but the developmental processes that produce them may or may not be similar. For example, formation of a primitive streak is central to avian, reptilian and mammalian gastrulation, and while it is not present in amphibian blastulae, they contain an analogous structure, called the blastopore. On the other hand, somitogenesis is common to all vertebrates. This review focuses on experimental and theoretical aspects of primitive streak formation and somitogenesis in avian embryogenesis. The chick embryo is a widely-used model system for experimental studies and, as a result, there is a large amount of experimental data. We begin with a brief description of the early events: details of these events can be found in [35] , [88] , and [50] .
The chick embryo develops from a small, disk-shaped blastodisc ¤oating on top of the yolk. After the egg is fertilized cells divide repeatedly, forming a multicellular strati£ed structure called the blastoderm. The period from just prior to laying through several hours afterwards has been subdivided into 14 stages [31, 50] . Cell division is dominant during stages I -VI, and morphogenetic movements begin during stages VII-X, when cells of the central blastodisc, called the area pellucida (cf. Figure 1) , separate from the yolk, producing a hollow region beneath the disc called the subgerminal cavity [75, 99] . Subsequently some cells from the central blastodisc move into the subgerminal cavity (either actively or passively), and simultaneously the disc expands radially over the yolk. The opaque marginal zone of the blastoderm, known as the area opaca, remains in contact with the yolk and may play an active role in the radial movement ( Figure  1 A) . The result is that during stages VII-X the central part of the disc changes from a layer 4-6 cells deep to a translucent layer one cell thick called the epiblast. The anterior-posterior axis of the embryo is also determined during these stages [50] . After stage X some cells within the marginal zone migrate posteriorly, and then leave the marginal zone at the posterior marginal zone (PMZ) (Figure 1 B). They spread across the subgerminal cavity beneath the epiblast as a looselyconnected sheet, incorporating islands of cells shed from the blastodisc earlier.
By stage XIV this sheet connects with the anterior margin of the disc and forms the hypoblast, and at this stage the blastoderm is bi-layered with the epiblast and hypoblast separated by the blastocoel cavity. Fate maps for cell movements in these stages are available [39] .
During hypoblast formation the embryonic shield or Koller's sickle develops at the posterior end of the epiblast (cf Figure 2(a) ). This consists of a thickened epiblast [93] comprising primitive streak precursor cells that have migrated to this area by a series of 'polonnaise movements' [105] . The £rst visible sign of gastrulation is formation of the primitive streak, which arises from Koller's sickle at the posterior midline of the blastodisc [52] (Figure 1 C and D) . The sickle narrows and the primitive streak moves anteriorly between the epiblast and the hypoblast. The tip of the ingressing streak moves ∼ 60% of the way across the blastoderm before it stops, and later, regresses. At full primitive streak stage (Hamburger and Hamilton stage 4, [38] ) the organizer of the avian embryo, Hensen's node, develops as a bulbous structure at the anterior tip of the streak. The period between the accumulation of cells at the posterior region and full primitive streak is approximately 12 hours. The structure of the blastoderm at this stage is illustrated in Figure 2 (b). During the advance of the node, epiblast cells move through the streak and into the interior. Those that migrate through the node form anterior structures, those that migrate through the lateral parts of the primitive streak become endodermal and mesodermal cells, and the remainder constitute the ectoderm. Simultaneously, the area pellucida changes from circular to pear-shaped, narrowing in the posterior portion. The head structure, notochord and somites are laid down during regression of the node, and when regression is complete the embryo is a ¤at trilaminar blastoderm comprising the ectodermal, mesodermal and endodermal layers. These will form various organs during subsequent morphogenesis, in addition to the structures formed during regression. The regressing node and anterior portion of the streak eventually form the tail bud [94] . Re- gression proceeds on a slower time scale than progression, taking approximately 24 hours for the node to regress after the streak reaches its maximum length of approximately 1.9 mm [94] .
During regression of the primitive streak the neural folds begin to gather at the center of the embryo, and the segmental plates, which are often referred to as paraxial mesoderm or presomitic mesoderm (PSM), separate into blocks of cells known as somites. They form as paired epithelial spheres arranged bilaterally along the anterior-posterior axis and emerge in strict cranio-caudal order [36] . Simultaneously, new cells are incorporated into the PSM from the regression of Hensen's node at the same rate as new somites are formed rostral to the PSM [16, 83] . Figure 3 is a schematic representation of these early processes. Somites are divided by a £ssure into anterior and posterior halves that differ in their gene [10] .)
The formation and differentiation of somites is the result of three distinct morphological events progressing in a strict spatio-temporal order: (1) the prepatterning of the PSM; (2) somite and somitic boundary formation; and (3) the differentiation of a somite into anterior and posterior halves [36] . Several experimental observations con£rm these events. Scanning electron microscopy observations [42] and transplantation experiments [49] show that the PSM displays a prepattern prior to segmentation. In addition, Hox and Notch-Delta pathway genes are involved in all these events [104, 25] . These molecular results suggest the existence of a conserved mechanism for segmentation in protostomes and deuterostomes [61] .
The segmental pattern of somites in turn governs the segmental pattern of the peripheral nervous system and determines the shapes and appendage characteristics of the vertebrae. Somites are also the source of cells for muscles, and in¤u-ence the metameric distribution of blood vessels. Genetic or/and environmental factors disturbing somitogenesis produce malformations and abnormal development [117, 27, 36] .
Although the sequence of events in early avian development is well documented, less is known about the mechanisms that give rise to primitive streak formation and somitogenesis. A number of theoretical models have been proposed to explain somitogenesis, and while these models are satisfactory in some respects, none can explain the complete set of observations. In the following subsections we present a brief exposition of the current experimental facts on primitive streak formation and somitogenesis. We then describe the theoretical models developed to explain some of these observations. 1.1. Formation of the primitive streak and the organizer. The ability of speci£c parts of the embryo to induce a primitive streak and node has been identi£ed by a number of experiments. In particular, two regions have been tested, the PMZ and Koller's sickle. We should stress that references below to the PMZ may include Koller's sickle, except where stated explicitly.
I. Posterior Marginal Zone (PMZ).
• At stage X, transplants or rotation of the PMZ to lateral or anterior positions can form an ectopic primitive streak; at stage XI the inner region in contact with the PMZ also has the potential to form primitive streak, and at stage XII the PMZ has lost the ability to induce a primitive streak [53] . At both stages X and XI the size of the transplanted fraction is also critical in its capacity to initiate an ectopic axis [30] .
• If a fragment of the PMZ is removed and replaced by lateral marginal zone (LMZ) tissue at stage X, a single primitive streak always originates in the normal position, but if the fragment of PMZ is replaced by beads which prevent healing of the wound, then two primitive streaks form [54] .
• If donor PMZ tissue is inserted at 90
• to the host PMZ at stage X, a single primitive streak develops at the site of the host PMZ. However, if the host PMZ is removed two small primitive streaks develop, one at the normal site and one at the transplant site. Khaner and Eyal Giladi [54] have also demonstrated that transplantation of a portion of the PMZ into the LMZ of a host embryo induces a second primitive streak to grow at 90
• to the primitive streak growing from the PMZ.
• Any part of the blastoderm, provided it contains a portion of the PMZ and is suf£ciently large, has the potential to develop a normal embryo. The streak is normally initiated along a radius [96] . When the blastodisc is cut in half, perpendicular to the anterior-posterior axis, the posterior half will form a streak initiated from the posterior margin. The anterior half can also form a streak, which is more likely to be initiated from the LMZ, but it may form from the anterior margin. When the cut is made parallel to the anterior-posterior axis, two streaks form, one on either side of the cut.
• Fate map experiments demonstrate that PMZ tissue has the capacity to induce an ectopic primitive streak without contributing cells to the streak [6] . • It is known that Koller's sickle begins to form in the PMZ at stage X, and if cell movement in this area is blocked, no primitive streak is formed [95] .
• Transplants of Koller's sickle to lateral portions of host embryos [13, 41, 14] can induce an ectopic primitive streak. In normal development, cells of Koller's sickle contribute to the primitive streak [41] .
• Detailed fate mapping of midline cells [6] show that the epiblast above Koller's sickle and Koller's sickle itself both contribute cells to the node and primitive streak. The epiblast above and anterior to Koller's sickle, and cells in the anterior part of Koller's sickle, contribute cells to the node and anterior streak, whereas those cells immediately dorsal to the sickle and in the posterior part of the sickle contribute to the posterior part of the streak. Transplants of quail PMZ cut in a manner to include Koller's sickle (compare with previous item) were able to form a primitive streak when grafted to the anterior-most part of a chick anterior fragment with much greater frequency than when Koller's sickle was excluded. The quail cells were found to contribute to the streak when the graft included Koller's sickle.
• Grafts of PMZ including the sickle retain the competence to induce a primitive streak at later stages than grafts excluding the sickle [6] . The ability of Koller's sickle alone to induce an ectopic axis is lost by stage XIII, but a large fragment of the PMZ together with Koller's sickle can still induce an ectopic axis [52] .
Stimulated in part by the wealth of data unearthed in other model developmental systems, many recent experiments have been directed at discovering the genes regulating development. For example, the Hox gene goosecoid is £rst found in a small population of cells corresponding to Koller's sickle [41] . Later this gene characterizes cells of the primitive streak, and expression is highest in cells of Hensen's node and the anterior portion of the streak. Brachyury (Ch-T) genes are expressed in forming mesoderm in response to inducing factors and at stage XII in a broad arc in the posterior epiblast. These gene expression patterns suggest that primitive streak formation can be regulated by gradients of organizer genes [5] .
The signals involved in streak formation, particularly the transforming growth factors, have also been studied recently. A number of members of the transforming growth factor beta family (TGF-β) have been shown to induce primitive streak formation. For example, activin has been shown to induce development of axial structures [65, 118, 23] , but it does not have the spatial and temporal distribution expected of an inducer. cVg1 expressed in the PMZ of pre-primitive streak embryos has been shown to induce development of an ectopic primitive streak [91] . The activation of the Wnt proto-oncogene pathway potentiates the activity of activin and cVg1. In contrast, the bone morphogenetic protein-4 (BMP-4) inhibits primitive streak formation [102] . Furthermore, BMP antagonists such as chordin can induce both primitive streak formation and organizer genes.
These experiments suggest that areas of the LMZ can form a primitive streak if they are exposed to fragments of PMZ, but they are inhibited from doing so by neighboring PMZ. Thus cells in the PMZ are already differentiated from those in other parts of the marginal zone and the remainder of the blastoderm when ingression of the primitive streak begins.
Traditionally the blastoderm has been considered homogeneous prior to streak formation, but recent £ndings suggest earlier cell diversity and considerable cell movement in the early epiblast [98] . Canning and Stern [15] identi£ed a subpopulation of cells testing positive for the epitope HNK-1, which is £rst expressed on the surface of cells of the PMZ and on those which later form primary hypoblast. Later it is found in the area of streak formation, distributed with a distinct anteriorposterior gradient. A primitive streak does not form when these cells are removed. This has led to the suggestion that HNK-1 cells are the source of streak-derived tissue [98] . The precise role of the epitope itself is not clear, but it may have a role in modulating cell adhesion (see [97] and references therein).
Given the critical role of the organizer in patterning the embryo (for example, formation of the axial structures and left-right asymmetry), it is surprising that in embryos where the node and anterior portion of the streak has been extirpated [37, 113, 112, 84] , or replaced in reverse orientation [1] , a new organizer can be regenerated and development proceeds normally (albeit delayed). In fact, a lateral isolate of the embryo, cut such that both the primitive streak and Hensen's node have been excluded, can reconstitute a primitive streak and organizer [114, 115] .
Using labeling techniques, Joubin and Stern [43] have demonstrated that the organizer is not a static population of cells, as was traditionally believed, but is a transitory population of cells that have moved into the node, acquired organizer characteristics (i.e. express speci£c organizer genes), and then left the node. It appears that the central third of the primitive streak (axially), characterized by the overlapping expression of cVg-1 and Wnt-8c, induces the cells anterior to it to acquire organizer characteristics. The organizer prevents neighboring tissue from acquiring organizer status by releasing an inhibitory signal. The issue is confused, however, by the observation of a resident population of cells within the epiblast which remain part of the node during its regression [89, 90, 83] . It has been suggested that this population constitutes stem cells which divide and produce notochord/somite progeny.
Somitogenesis.
During somitogenesis, as in other segmentation processes, the body axis is divided along the anterior-posterior axis into similar repetitive structures formed from the embryonic layers. In insects, such as Drosophila melanogaster, segments are generated by the simultaneous division of the syncitial blastoderm. In other invertebrates such as annelids and crustaceans, and in vertebrates, the mechanism of metamerisation is different; the segments are formed at the cranial end of a multicellular embryo and segmentation propagates caudally [110] .
During somitogenesis, continuous inductive interactions with Hensen's node, notochord, neural tube and endoderm are not necessary for somite formation [7, 11, 100] . For example, explants of PSM are able to form somites in the absence of all surrounding structures. Further experiments, in which the PSM is cut into several parts and these parts are rearranged, show that somites do not form. However, if the disrupted PSM is in contact with epithelial structures then somites do form, suggesting that some factor derived from the epithelium may in¤uence somite formation [69] .
Scanning electron microscope images show that the PSM is not a homogeneous tissue. Prior to segmentation, the PSM displays metameric arrangements of groups of cells, named somitomeres by Meier [62] , which are evidently the predecessors of somites [42, 36] . The existence of this prepattern is con£rmed in microsurgical experiments [70, 18] , where isolated parts of the PSM form somites in strict cranio-caudal order some time after their isolation, differentiating into anterior and posterior halves in each somite. The existence of a prepattern is also strongly supported by the periodic pattern of Hox and Notch-Delta gene expression in the PSM [104, 57, 25] . Furthermore, the prepattern of anterior and posterior halves is also established before the formation of a somite [49] . Transplantation experiments reversing the anterior-posterior axis of the PSM demonstrate that the anterior-posterior polarity of the resulting pattern of somites is also reversed, so somite halves develop according to their original orientation [2] . In addition, there is a change in the mechanical properties of the cells in the PSM before they differentiate into a somite. There is an increase in cell compaction, and in cell-cell and cell-substratum adhesion, followed by epithelialization [49, 104] of the ball of cells as they form a somite. Several studies suggest that adhesion molecules such as cadherins play a major role in these processes [26, 85, 59] . It should be noted that cell labeling experiments indicate that cells of the PSM can contribute to more than one somite, suggesting that the prepattern of somitomeres does not preclude mixing between the prospective somites [101] .
The total number of somites is regulated in an embryo. The Amputated mouse mutant, which is shorter than the wild-type mouse, has the same number of somites, but their somites are considerably smaller than those of the wild-type embryos [32] . However, the number of somites can be altered experimentally [49] . For example, heat shock applied to chick embryos can induce the formation of an extra somite [106, 82] , or can result in up to four repeated somite anomalies, con£ned to one or to both rows, separated by relatively constant distances of six to seven normal somites [82] . The repeated anomalies suggest that heat shock affects an oscillatory process within the somite precursors [101] .
There appears to be some degree of cell cycle synchrony between cells in the PSM which are destined to segment together to form a somite. The cell cycle synchrony is observed in the early somite two cell cycles after segmentation [101, 81] . To some extent, cells of the PSM seem to be arranged in order of developmental age, with cells at a given level having relatively synchronous cell cycles. The rostral end of the PSM has an increased mitotic index, which indicates that this region has a high proportion of cells in mitosis [82] .
Recently, the study of the expression of the transcriptional factor c-hairy-1 in the PSM of chick embryos has provided molecular evidence for the existence of a segmentation clock [72, 22] . During segmentation, the cells of the PSM go through 12 cycles of c-hairy-1 expression before becoming part of a somite, while more cells are continuously incorporated into the posterior end of the PSM. This observation suggests that the segmentation clock controls the time duration of cells in the PSM before they will form part of a somite. During the time taken for one somite to form, the expression of c-hairy-1 sweeps along the PSM in the posterior-anterior direction, narrowing as it propagates (see Figure 4 ). This wavefront-like expression £nally stops and is maintained in a half somite-sized domain which gives rise to the caudal half of the forming somite. The c-hairy-1 expression is independent of cell movements and does not result from the propagation of a signal in the plane of the PSM; it is an intrinsic cell autonomous property of this tissue [61, 79] . More recently, studies by McGrew et al. [60] and Forsberg et al. [33] have shown that lunatic fringe (l-fng) gene expression resembles the expression of c-hairy-1 in PSM. In fact, they show that both expressions are coincident and are responding to the same segmentation clock [80] . In Drosophila, it is known that l-fng plays an important role in the formation of the wing margin by potentiating Notch activation by Delta and the inhibition of Notch activation by the alternative ligand Serrate [74, 116] . In l-fng mutant mice, the formation of somites is disrupted and if a somite forms its anterior-posterior patterning is disturbed [27, 117] . Finally, it is important to mention that the principle differentiation pattern of all the somites is very similar. However, during morphogenesis subsequent differentiation forms unique anatomic structures, depending on the position along the anterior-posterior axis. Experiments in chick embryos demonstrate that the positional speci£cation of somites occurs early during somitogenesis [55, 20, 21, 19, 107, 17, 12] . When cervical somites are replaced with somites from the trunk region, rib-like structures develop in the cervical vertebral column of the embryo. When thoracic somites are replaced by cervical somites, embryos do not develop ribs [55] . There is now a large body of experimental work showing that positional speci£cation of the PSM requires members of the Hox gene family [57] . Hox gene activation during development correlates with gene position in the Hox complex, a property referred to as colinearity. The spatial and temporal colinearity in the expression of these genes results in unique combinations of Hox genes in de£ned groups of somites and their derivatives along the anterior-posterior axis [34, 40] . This led to the suggestion that a Hox code speci£es the identity of somites [48, 47] . The role of Hox genes in positional speci£cation has been analyzed by interfering with or altering the expression of single Hox genes or by simultaneously perturbing the expression with retinoic acid, which is implicated in the speci£cation of the axes during development [103] .
Questions.
Early organization of the avian blastoderm clearly involves a carefully controlled sequence of events. At present, very little is known con-cerning the mechanisms regulating this development and here we list some of the major unresolved questions. In the following section we describe some of the theories postulated to explain these processes.
1. How is the posterior site of the embryo determined? Formation of the area pellucida involves a gravity induced directional shedding of cells (posterior to anterior) to form a one-cell thick layer [56] . How is this translated into the structural differences associated with the posterior region (e.g. Koller's sickle, secondary hypoblast formation)? 2. Development of the primary hypoblast involves an apparent dropping of cells in the area pellucida to form isolated islands in the subgerminal cavity [15] . What leads to the early diversi£cation of such cells, and how do they separate from the area pellucida? One possibility is to link the diversi£cation with the cell cycle, such that at the time of primary hypoblast formation a randomly scattered population in a speci£c phase of the cycle experiences a change in its cellular properties, for example adhesion. This change in adhesion may result in such cells being forced from the area pellucida. To test such a hypothesis, it is necessary to construct a discrete cell model which incorporates cell adhesion [73] . 3. What controls formation of the secondary hypoblast, and does the hypoblast in¤uence streak formation? The role of the hypoblast in streak formation is controversial, and earlier experiments in which the hypoblast has been shown to induce streak formation [108, 3, 4] have been challenged by recent experiments [51] . However it is still not known whether the hypoblast is able to exert some in¤uence over streak formation.
What initiates motion and guides the early migration of cells in the lateral
regions toward the PMZ? Stern [97] observed migration of a subpopulation of the area pellucida to the posterior marginal zone prior to streak formation and speculated that a chemoattractant is produced at that site. Although collagen-gel assays support this theory, no chemoattractant has been identi£ed. 5. What cues guide elongation and movement of the primitive streak? A simple anterior-posterior gradient of a diffusible morphogen cannot be used for positional information along that axis [53] , for if it were the 90
• transplants of the primitive streak would ingress toward the anterior pole rather than along a ray through the center of the disk. 6. What is the role of cell division in streak formation? Recent results by Wei and Mikawa [109] suggest that a subpopulation of cells in the posterior region may divide in a directional manner to form the primitive streak. It remains to be understood whether this division is essential for streak formation, or if it is simply an associated phenomenon. 7. What mechanisms can account for the fact that the primitive streak maintains its rod-like structure during ingression? Does the primitive streak ingress by convergent extension [46] , whereby cells intercalate at the posterior marginal zone and push the primitive streak forward? Are there adhesive differences between cells in the primitive streak and those in the hypoblast and epiblast, or is the structure maintained by chemotactic at-traction between cells in the primitive streak? Alternatively, is the streak maintained as a rod by the forces occurring throughout the blastoderm at these stages. 8. There appears to be a gradient within the marginal zone of potential to form a streak, with the posterior being the most capable and the anterior the least. At what stage is this potential determined, and by what mechanisms? 9. The primitive streak seems to inhibit other streaks from forming. What is the nature of this inhibition, and is it con£ned to act along the marginal zone? 10. The size and age of a blastodisc segment or donor implant are important in determining the site of streak formation. How do the key properties sinvolved change with time? 11. How is the organizer de£ned, and how are the movements of cells through the organizer to form notochord, head process, paraxial mesoderm, etc., regulated? Recent experiments have revealed that the organizer is a transitory population continuously de£ned by cells in the middle part of the primitive streak [43] . Previous results, however, suggest that there exists a resident population of cells within the organizer that moves back with the node throughout regression. What is the relevance, if any, of this resident population? 12. What mechanisms control regression of the streak/organizer? Does regression of the streak simply occur through the disappearance of anterior cells into axial structures. Does the node regress by being pushed back by cells that are ingressing through it? Ablation of the node results in the regeneration of a new node, yet the new node must regenerate before regression proceeds. Does the static population of cells within the node control the movements of the node during regression? 13. How is the left-right asymmetry established? The earliest indication of left-right asymmetry in the avian embryo occurs with the asymmetric expression of sonic hedgehog (shh) in the avian node [58] . Studies in the mouse have revealed the presence of a nodal ¤uid ¤ow from right to left as a result of unidirectionally rotating cilia on node cells [67, 68] and this has been linked with the establishment of the left-right axis. 3. Models of streak formation and somitogenesis.
Formation of the primitive streak. PI. Model of Induction by Gravity:
Eyal-Giladi [29] proposed that substances needed for the initiation of primitive streak formation become nonuniformly distributed by gravity while the embryo is tilted, moving from the vegetal pole toward the region that is incorporated into the PMZ. Alternatively, Eyal-Giladi also suggests that these factors can be located under the embryo and shifted toward the posterior by the sliding of the yolk, and could later be found in the PMZ and Koller's sickle. Classic experiments in chick embryos have established that labile anterior-posterior polarity is determined 20 hours after fertilization. During this period there is a critical 2-hour time window where the outer albumen layers are rotated by the uterus while the yolk remains stationary but slightly tilted within a layer of low friction thin albumen [28] . In these experiments, the side of the embryo that is tilted upward during the critical window is de£ned as posterior. This model is unsatisfactory in some aspects. Little work has been done on this hypothesis due to the dif£culty of obtaining uterine eggs. In addition, this model does not address the ingression and regression of the primitive streak.
PII. Model of Induction by the PMZ:
In this model, proposed by Bachvarova [5] , the PMZ is considered analogous to the Nieuwkoop Center of the frog embryo, which is the structure responsible for induction during the £rst stages of amphibian development. The PMZ of the chick embryo acts as an extra-embryonic signaling center promoting formation of the primitive streak in the adjoining posterior central disc epiblast. According to the model, factors such as Vg1 and Wnt8c produced in the PMZ activate organizer genes such as goosecoid in Koller's sickle and chordin in the posterior central-disc epiblast. In turn, chordin suppresses BMP and this decrease promotes activation of organizer genes in the posterior midline. Lower concentrations of Vg1 or TGF-β factors induce Brachyury -like genes in a broader crescent of posterior central disc epiblast, leading to mesoderm formation. BMP activity from lateral and anterior marginal zone induces epidermis in the adjoining central disc. Finally, the activation of the Wnt pathway in the late uterine and freshly laid egg plays an important role in the asymmetry observed in cells of Koller's sickle and the hypoblast.
This model incorporates several aspects of primitive streak formation. However, as in the previous model it does not address the ingression and regression of the primitive streak. Furthermore, as indicated by Bachvarova [5] , many outstanding problems remain with this model. For example, it is not clear if factors such as Vg1 are required in normal development. In addition, other factors such as TGF-β cannot be present and active in early embryos; and little is known about the Wnt pathway.
A mathematical formulation of this model could help understand the outcome of the complex of interactions proposed and make experimentally-testable predictions.
PIII. Chemotaxis Model:
Chemotaxis (or haptotaxis) is a plausible mechanism for the observed oriented cell movements both prior to and during primitive streak formation, and this mechanism has been incorporated into a model designed for formation and subsequent maintenance of the streak (though not the determination of the initial site of outgrowth) [71] .
The model assumes that there is a specialized subpopulation of cells residing at or close to the posterior marginal zone that both respond to and modulate the level of an attractant. This population serves to mark the site of the primitive streak and guide the movements of elongation and regression. Several cell populations have been identi£ed [41, 99, 109] as having a role in primitive streak formation. The model does not, however, postulate how other cells ingress through the streak. In Figure 5 we show the pattern of movements predicted on a twodimensional domain. To achieve movement of cells as a rod, rather than a general spreading of cells, it is necessary to choose conditions such that the chemoattractant initially has its highest concentration at the center of the domain (corresponding to the center of the area pellucida) and decreases to zero at the marginal zone. Plausible mechanisms for generating such conditions are given in [71] .
The model makes a number of experimentally-testable predictions ( Figure  6 ). Firstly, it predicts that any ectopically induced embryonic axis will develop along radial lines. Secondly, it predicts that disruption of the center of the area pellucida will have a signi£cant effect on the morphology of the streak. It also predicts the natural development of an organizer region at the anterior portion of the streak as a region of higher cell density, and demonstrates a decrease in the rate of regression as the streak moves back, in agreement with experimental results [94] . However there is no experimental evidence for chemotactic motion in streak formation, and it is unclear whether the same mechanism that drives propagation of the streak is also responsible for regression. Thus this model simply demonstrates that chemotaxis can produce the observed behavior. This model is consistent with the observation that the epiblast portion of the posterior marginal zone contributes to the primitive streak, and with the idea that a PMZ-derived signal induces primitive streak in the adjoining epiblast (see model II above). However, it is not yet clear if directional cell division would be able to induce the streak to form a long straight rod alone, nor is there any suggestion as to how regression of the streak is controlled.
PIV. Cell Division

PV. Convergent-Extension Model:
Schoenwolf [88] has postulated that primitive streak formation may occur via a convergent-extension mechanism similar to that observed in developing amphibia [44, 45] . In this model, prospective primitive streak cells from either side of the midline would converge at the midline, intercalating with those on the opposite side and thereby producing an elongating primitive streak. This also raises the possibility that regression may occur through a reverse process.
This model is speculative, yet some evidence for it can be found in the gen- eral cell movements observed to take place in the epiblast during primitive streak formation [105] . Furthermore, the mechanism could provide an explanation for the change in morphology of the blastoderm from circular to pear-shaped during formation of the streak, as intercalation would result in a streak being driven in both anterior and posterior directions. However the author does not suggest what determines the posterior marginal zone as the site of streak formation, nor what the mechanisms are for guiding cell movement during the convergent-extension process so as to maintain the rod-like morphology of the streak.
Somitogenesis.
During the last three decades, several models have been proposed to explain the formation of somites [24, 32, 8, 9, 42, 49, 63, 64, 76, 78, 77, 82, 81, 87] . Some of these incorporate the different aspects of somitogenesis previously mentioned, and are satisfactory in many respects. It is important to emphasize that these models cannot explain all the experimental facts presented in section 1.2, but they do lend insight to many of the observations. The models can be divided into four main categories:
SI. Induction Models: In these models, somite formation is explained in terms of inductive interactions with neighboring tissue [8] . These models are unsatisfactory in many aspects. No single tissue has been shown to induce somite formation. As we previously indicated, somites can be formed in the absence of Hensen's node, notochord, neural tube and endoderm [7, 11, 100] , but the midline structures are necessary after experimental disruption of the PSM [69] .
SII. Prepattern Models:
These models postulate that there is a spatially-periodic prepattern present in the PSM before formation of the somites. Bellairs and Veini [11] proposed that somitogenic clusters are generated during PSM formation. Meier [62] suggested that prior to segmentation the PSM displays metameric arrangements of groups of cells, named somitomeres. The observation of the prepattern has been con£rmed in microsurgical and transplantation experiments [70, 18, 2] . However, this sort of model does not address the key problems of how the prepattern is set up and how it is maintained and regulated.
SIII. Positional Information Models:
These assume that a spatial pattern in chemical morphogen is set up, either via a gradient or a reaction-diffusion mechanism, and this prepattern determines cell differentiation. There are two main models:
1. The wave gradient model was proposed by Wilby and Ede [111] and Flint et al. [32] . This model proposes that regression of Hensen's node creates two strips of paraxial mesoderm, and that cells recruited into them start to synthesize a morphogen. The morphogen concentration increases in the cells until a threshold is reached, at which point an irreversible change from synthesis to destruction of morphogen occurs. The morphogen concentration in these cells falls, establishing a sink relative to cells that are still producing the morphogen. Neighboring cells maintain a morphogen concentration below the threshold, as morphogen diffuses from them into the sink, but cells further back in the paraxial mesoderm exceed the morphogen concentration threshold, and another trough of concentration is formed. Thus, a pattern of alternating peaks and troughs is created, which later gives rise to somites and £ssures respectively. In this model, the size of the somites is determined by either the rate of incorporation of cells into the PSM or the speed of node regression. If the rate of node regression depends on the size of the embryo, then this model can account for the observation that there is regulation of somite number so, for example, in the Amputated mutant mouse embryo, which is only two thirds the normal size, the number of somites formed is still the same as in the normal case. This would be consistent with the assumption that the node regresses more slowly in smaller embryos. However, this model cannot easily explain the observations after the anterior-posterior axis of the PSM is reversed. It seems likely that the pattern of morphogen concentration would be severely disrupted during these experiments and the model would not then predict somite formation in the normal way.
2.
Meinhardt [63, 64] proposed a reaction-diffusion type model, with two cell states A and P, which locally exclude each other, but stimulate each other over a long range. Cells switch from one state to the other until £nally reaching a stable state. These can lead to a pattern of stable . . . APAP . . . stripes forming from anterior to posterior. If the transition from, say P to A, allows a change of segmental speci£cation then each AP pair (or segment) will have a more posterior speci£cation than its predecessor. Thus a segmental pattern can be generated in which segments have different regional characteristics.
To set up this pattern, Meinhardt proposed two alternative mechanisms, one involving a morphogen gradient in which threshold concentrations of the morphogen are required for successive P to A transitions, the other involving outgrowth in which new segments are added as the domain grows. Meinhardt's model is in agreement with two observations of Palmeirim et al. [72] : one full cycle of c-hairy-1 oscillation corresponds to the formation of one somite, and c-hairy-1 expression seems to be reminiscent of the spatiotemporal dynamics of one of the autocatalytic substances, because its wavefront expression stops and is maintained in the posterior half of the somites. It is also the only model, to our knowledge, that addresses the regional differences of somites and the anteriorposterior pattern of somites.
This model cannot easily explain the results of the experiment in which an isolated part of the PSM forms normal somites and the experiments that involve reversing the anterior-posterior axis of the PSM. In the former, one would expect any diffusion-based structures to be disrupted by the experiment, while in the latter, the model would predict that somites would form £rst in the anterior part of the reversed PSM and somitogenesis would proceed as normal, but in reality they develop according to their original location. One would have to assume that rostral-caudal determination occurs very early and is £xed before isolation or rotation of the PSM. This possible explanation requires more detailed investigation. It is not clear that this scenario is consistent with that envisioned for the c-hairy-1 dynamics. Furthermore this model does not explain the cell-autonomous nature of somite formation which is strongly suggested by the experiments of Palmeirim et al. [72] , McGrew et al. [60] and Forsberg et al. [33] . In these experiments, a portion of one side of the PSM is removed but the c-hairy-1 waves propagate in synchrony in both sides of the PSM, including the isolated portion.
As it stands, the model does not appear to explain the heat shock effects which seem to require a link between cell fate and cell cycle. Such a link is not apparent in this model.
IV. Clock or Oscillator Models:
There are a number of models along these lines:
1. Cooke and Zeeman [24] were the £rst to propose he exisitence of a cellular oscillator, which they assumed interacts with a progressing wave of cell determination travelling along the anterior-posterior axis of the PSM. This model, known as the clock and wavefront model, is able to explain the control of somite number [92] , but is contradicted by the results of the experiments which reverse the anterior-posterior polarity of the PSM, because, as in PIII, this model would predict that segmentation should continue in the anterior-posterior direction without disturbance. To be consistent with the observation of the repetitive anomalies observed after the single heat shock experiments [82, 81, 101] this model would have to additionally assume that the cellular oscillator was closely linked to the cell cycle. The model does not address the formation of the anterior and posterior halves of a somite.
2.
Stern et al. [101] proposed that the cell cycle plays the role of the oscillator. This cell cycle model relies on an intracellular oscillator that controls cell division and interacts with a kinematic wave which produces a signal that recruits other cells in the vicinity shortly before segmentation [49, 101, 81] . It explains the periodic anomalies of the heat shock experiments, the cell cycle synchrony observed in the PSM, as well as the isolation and transplantation experiments. This model addresses pattern formation at the cellular level and therefore does not address molecular issues such as the oscillations of c-hairy-1 and its pattern in the PSM. A direct link between this model and the c-hairy-1 oscillations is not obvious, because in chick embryos, the period of the cell cycle in the PSM is 9 hours while the period of the oscillations is only 90 minutes [72] . Furthermore, heat shock experiments in zebra£sh embryos show that the periodic unit of somite defect (four normally formed somite + one abnormally formed), which correspond to 2.5 hours, does not match the overall cell cycle length (4 hours). This suggests that the proposed relationship between segmentation clock and cell cycle in vertebrates should be re-evaluated [86] .
3.
In a similar model to the one above, Polezhaev [76, 78, 77] proposed that a wave of cell determination moves along the PSM causing cell differentiation in a particular phase of the cell cycle, resulting in these cells secreting an inhibitor which impedes the differentiation of other cells. This model can explain the results of the heat shock experiments, is consistent with the observations of the isolation and transplantation experiments, and the epithelialization observed just before overt segmentation [49, 104] . However, as in the previous model, this model does not address events at the molecular level, nor does it address the formation of the anterior and posterior halves. To explain the regulation of somite number [49] one would have to assume that the cell determination wave moved at different rates (as in PIII 1).
4.
Recently, Schnell and Maini [87] have proposed a clock and induction model in which, as a group of cells destined to form a somite traverses the PSM, cells undergo a series of l-fng expression pulses, followed by a longer £nal pulse which will remain at the posterior half of the newly forming somite. l-fng expression synthesizes a protein associated with the cell membrane, which increases its membrane levels in a ratchet-like fashion proportional to the segmentation clock oscillations experienced. The formation of a somite is then assumed to be triggered at a threshold level of l-fng protein. Elements of the Notch-Delta pathway associated with l-fng would allow the formation of a somite boundary and anterior-posterior pattern, through an induction mechanism. This model is consistent with the rhythmical expression of c-hairy-1 and l-fng and the expression of the Notch-Delta pathway genes in PSM. The model can explain the isolation and transplantation experiments, and the heat shock defects. However, it cannot explain the cell cycle synchronization or epithelialization.
4. Discussion. Building the early embryo involves an architectural challenge that higher organisms have addressed through two processes that occur in early development: large scale rearrangements of tissue via a process called gastrulation, and the axial subdivision of tissue in a process called somitogenesis. Remarkably, somitogenesis has many elements in common with limb development. In fact both of these phenomena can be considered as examples of segmentation. For example, in limb development the anterior-posterior speci£cation of digit elements (see, Dillon, this volume) is determined by the Hox genes, and differentiation and boundary formation is determined by the Notch-Delta pathway, as in somitogenesis.
In this paper, we have reviewed the theoretical and mathematical models developed to explain primitive streak formation and somitogenesis. Most of these models have been designed to explain particular aspects of these processes and are successful in doing so. In our critique of previous models, we have compared the models only with the experimental results that are widely accepted and which address the gross mechanisms of primitive streak formation and somitogenesis. As the models stand at present, none of them can easily explain all of these experimental observations. It should be noted that the majority of these models were developed before the discovery of the molecular evidence for the control of primitive streak formation and somitogenesis and are based on cell and tissue level observations.
A challenging future problem for theoretical and mathematical modelling will involve linking the pattern formation mechanisms at the cellular level with the molecular control of cell properties. In Section 2 we listed 22 key questions connected with the problems of primitive streak formation and somitogenesis. The reader will note that the models presented in Section 3 addressed only a small fraction of these.
